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Abstract 

Shell model calculations have been performed for the nucleus 94 Mo. The 
calculated excitation energies and electromagnetic properties of low-lying 
states are in good agreement with the data, which include states with mixed- 
symmetry (MS) assignments in previous Interacting Boson Model studies. In 
the shell model large isoscalar E2 matrix elements are found between states 
with MS assignments indicating that they form a class of states with similar 
proton-neutron symmetry. 
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I. INTRODUCTION 

Recently performed photon scattering experiments and 77-coincidence studies of 
the nucleus 94 Mo indicate the existence of low-lying valence shell excitations with proton- 
neutron symmetry different to that of the ground state in that nucleus. The measurements 
|];|2|] of absolute F2 and Ml transition strengths have been interpreted in terms of J 71 = 
1 + , 2 + , 3 + mixed-symmetry states in the framework of the proton-neutron version || of the 
Interacting Boson Model (IBM-2). The proton-neutron symmetry of an IBM-2 wavefunction 
is quantified by the F-spin quantum number ||,|J, which is the isospin for basic proton and 
neutron bosons. The IBM-2 predicts the lowest-lying collective states to be dominantly 
isoscalar excitations of the almost proton-neutron symmetric ground state with maximum 
F-spin quantum number F = F max . This is put in evidence by the existence of F-spin 
multiplets with rather constant energies ||. The IBM-2 predicts also valence shell excitations 
with wavef unctions, which are not symmetric with respect to the proton-neutron degree of 
freedom H|||[7|]. Such states have F-spin quantum numbers F < F max and are called 
mixed-symmetry (MS) states. The observations for the if, 2f, 3f states of 94 Mo agree with 
MS assignments . The key-signatures used for the assignments of MS character to these 
states of 94 Mo were the measured relatively strong Ml transitions and weakly-collective F2 
transitions to low-lying symmetric states. 

Separate proton and neutron quadrupole surface vibrations, which lead to eigenstates 
with different symmetries with respect to proton-neutron permutations, have been consid- 
ered in a geometrical model already in the sixties by Faessler ||. At that time these states 
were predicted to exist above the particle threshold, at a much higher energy than recently 
observed. In the eighties the isovector vibrational model was improved giving quanti- 



tatively better description of the 2 + isovector vibrational states. The existence of collective 
orbital isovector Ml transitions in the geometrical Two Rotor Model for deformed nuclei 



was realized by Lo Iudice and Palumbo [11|. A more general type of enhanced magnetic 



dipole transitions in the valence shell of all open-shell nuclei, not only deformed, has been 
predicted ||[|,|6],|7j in the IBM-2 as the decays of MS states. Following these predictions 
the dominantly isovector J 71 = 1 + state, generally called scissors mode, was discovered by 
Richter et al. |T2|] in inelastic electron scattering experiments in Darmstadt. The typically 
fragmented 1+ scissors mode was further investigated mainly by electron scattering ||13|| , 
photon scattering |14[ and neutron scattering |15j experiments. 



Many theoretical studies were published to explain the structure of this mode, e.g. 
fl6| p2[. The 1 + mode is expected to be dominantly excited by the isovector part of the 
Ml operator indicating its isovector character. The large Ml transition strength and its 



close correlation |23|-f26| to the collective F2 excitation strength in deformed nuclei is usu- 
ally considered an indication of the collective nature of the 1+ state. Another state with 
spin different from J 11 = 1 + but of similar isovector character, the one-quadrupole phonon 
2+ s state, has been identified from Ml strengths, too. The first 2+ s assignments to states 
at about 2 MeV in vibrational nuclei around the N = 82 shell closure were based only on 
small E2/M1 multipole mixing ratios p7|-|30|| Lateron, several of these assignments were 
confirmed by the measurement of relatively large Ml and weakly-collective F2 transition 
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strengths |pl|-|3^|. Based on measured Ml and E2 strengths the experimentally observed 
if, 2%, and 3f states in the nucleus 94 Mo were argued to belong to this type of excitations, 

too^g. 

In nuclei not too far from shell closures the structure of low-lying valence excitations 
including the states, which are outside of the IBM configurational space, can be described 
using the shell model. It is the main aim of the present paper to describe the structure 
of the states observed in |I10] in the framework of the nuclear shell model, especially the 
structure of the if, 2jj" and 3^ states. We present the results of shell model calculations for 
the low-lying positive parity states of 94 Mo with spin quantum numbers J 77 = + - 4 + and 
we discuss the isotensor character of their electromagnetic transitions. 



II. THEORETICAL APPROACH 

The shell model Hamiltonian is taken as H = Hq + V where the mean field is given by 

H = ^2e k ap k a Pk , (1) 



where n val is a number of single particle states in the adopted valence shells and the residual 
interaction is 

V= <{paPb)jT\Vi 2 \{pcPd)jT> {a+afy jM {a Pc a Pd ) T JM . (2) 

Pa,Pb,Pc,Pd,J,M,T 

Here a+ creates and a p annihilates a particle in the single particle orbital \p) = \n, I, j, rrij, t = 
1/2, tg) and T is the isospin of the coupled particles. The first term H is the Hamiltonian 
of the noninteracting particles. The residual interaction we used is the Surface Delta Inter- 
action (SDI) ||35|| . This interaction contains strong pairing and quadrupole parts and higher 
multipolarity components, which are weaker than the first two. The SDI is an extremely 
simple interaction from the mathematical point of view. The two body matrix elements of 
the SDI are: 

< papb\V S Di(r 1 ,r 2 )\p c p d > JT = -4xA' T < p a pb\5(^i2)5(r 1 - R)S(r 2 - R)\p c pd >jt (3) 

where fii2 is the angle between the interacting particles, R = 1.2 A 1 / 3 fm is the nuclear radius, 
and A' T is the strength constant of the SDI. There are three parameters A IP T = X (p, p' 6 {p, n}) 
that describe the interaction in the T=l channel and one parameter A'j? =0 describing the 
interaction in the T=0 channel. The fitted interaction parameters A P T ' P are connected to the 
parameters from Eq.(^) by the following expression: Ay= A' p ' p < 6(r p - R)5(r p , - R) >, 
where the radial matrix elements < 5{r p — R)5{r p i — R) > are supposed to be independent 
of the single particle states involved (see for details |36[| ). 

For the shell model description of 94 Mo one may want to consider the N = Z = 50 closed 
shell nucleus 100 Sn as the inert core. In order not to have to treat a too large model space 
we consider eight proton holes in the proton shells 7ig$/2 and np 1 / 2 for the description of 
94 Mo. Because of the Pauli principle this problem is equivalent to the consideration of four 
proton particles in these shells outside of the core 3gSr 5 o. Therefore, we adopt 88 Sr as the 
inert core for the following shell model description of 94 Mo. 



3 



Single-particle energies Sj were obtained from calculations for the neutron-odd nuclei 
89 Sr, 91 Zr and 93 Mo and for the proton-odd nuclei 89 Y, 91 Y, 91 Nb, 93 Nb, and 93 Tc. These 
single-particle energies are close to those from f3~?fl . In order to get a rough estimate of the 
values of A^L 1 and Aj? =1 parameters shell model calculations have been performed for the 
isobars 90 Sr and 90 Zr, which have either 2 neutrons or 2 protons, respectively, outside the 
core 88 Sr (see Fig||). The results are A%L X = 0.23 MeV and A P T P =1 = 0.35 MeV. The A p ? =l 
parameter is taken as the average of AVp =x and Aj? =1 , i.e. Aj? =l = (Aj!L l +A P r =1 )/2. The value 
of 0.48 MeV for the AjL parameter was obtained by a fit to the excitation energies of the 
nucleus 92 Zr, which contains 2 protons and 2 neutrons outside the core 88 Sr. Experimental 
and calculated low-spin level schemes for the three even-even nuclei 90 Sr, 90 Zr, and 92 Zr are 
shown in Fig.|l|. The final values of the SDI parameters used for the description of 94 Mo 
were optimized by a fit to the low-spin level scheme of 94 Mo and are close to the values 
above. It is interesting to note that the excitation energies of low-lying states are much less 
sensitive to the AjL 1 parameter than to the AjL parameter. However the electromagnetic 
transition strengths are very sensitive to both Aj? =l and Aj? =0 parameters and the above 
discussed choice gives the best agreement between calculated and experimental strengths in 
94 Mo nucleus. The single-particle energies and SDI parameters used for 94 Mo are presented 
in Table |. The SM calculations were performed on the Cologne Sun Ultra Enterprise 4000 
workstation with two 166 MHz Ultra Sparc processors using the code RITSSCHIL [R8 . 



III. DISCUSSION 

In the present shell model calculation for 94 Mo two neutrons can be distributed among 
five single particle orbitals: 2d 5 / 2 , 3si/ 2 , 1^7/2, 2<i 3 / 2 and l/tii/2- The lowest neutron orbital 
is 2g? 5 / 2 . The fully occupied neutron orbital 1*79/2 forms the N = 50 closed shell and is about 
4 MeV below the neutron 2d^/2 orbital. Therefore, the influence of the lg$/2 orbital on the 
structure of low-lying states of 94 Mo is expected to be small []. This justifies the assumption 
of the N = 50 neutron core. For protons we have included the two orbitals lg$/2 and 2pi/2 in 
the configurational space. The closest higher-lying proton orbital to the proton lgg/2 orbital 
appears more then 4 MeV above the Z=50 closed shell and is neglected. But the proton 
P1/2 orbital is much closer to the proton lgg/2 - about 1 MeV lower - and we have taken it 
into account by choosing Z = 38 as the proton core. Within this configurational space we 
reproduce well many of the excited states in the spectrum of 94 Mo. This is shown in Fig. |2|. 

The main components of the low-lying states (see Table |TJ) are seniority 2 and 4 with two 
protons in 7r(lg 9 / 2 ) and two neutrons in z/(2rf 5 / 2 ). But the influence of the 7i(2p 1 / 2 ) proton 
orbital is also significant - almost all states contain large components ^{p^dt^ J an d this 
is the main component for the O2" state. The contributions of the neutron orbitals ^(3si/2), 
^(lg 7 / 2 ), ^(2^3/2) and ^(l^n/2) are smaller but for the 1^ the component ^((77/2^5/2) * s 
already the main one. 



1 This expectation is supported by the first results of large scale shell model calculations for 94 Mo 
assuming the Z = N = 40 nucleus 80 Zr as the inert core, which yield at the present stage almost 
negligible contributions of the ^(gg/2) orbital to low-lying low-spin states of 94 Mo [39]. 
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The Ml and E2 transition probabilities have been calculated and compared with the 



new experimental data. The results are shown in Tables |T| and [IV]. The reproduction of 
the data is in most cases very good. Tables |TTT| and [TV] include also IBM-2 predictions in the 
0(6) dynamical symmetry limit, where the states 1+, 2^, 3j" have mixed-symmetry. We note 
that the IBM-2 has only one free parameter - the effective quadrupole proton boson charge 
e p , while the corresponding neutron charge was put to zero e n = 0. It is remarkable how 
well the shell model agrees also with the IBM-2 with only a few exceptions. The agreement 
of shell model calculations with IBM-2 results in different mass regions was noted also by 
other authors (see, for instance, [pTO|.fn|] ) . 

Let us discuss now the calculated Ml and E2 transition strengths in more detail. The MS 
assignments for the if, 2%, 3f states of 94 Mo were based on the measurements of relatively 
large Ml transition strengths. For the calculation of Ml transitions between the shell 
model states we consider a nuclear magnetic dipole operator, which is the sum of proton 
and neutron one-body terms for orbital and spin contributions: 

t(mi) = M-(z [in + g&] + e [in + sx] ) (4) 

' \i=l i=l / 

where g l and g s are the orbital and spin g-factors and If, sf are the single particle orbital 
angular momentum operators and spin operators. For further discussion it is useful to 
decompose the Ml operator into an isoscalar part 

T J5 (M1) = ^ {gjj + g s S) fi N , (5) 

and an isovector part 

Tiv(mi) = [izA [Lp _ Ln] + izA [Sp _ sj\ . (6) 

where L p and S p denote the total orbital angular momentum and total spin operators for 
protons (p = p) and neutrons (p = n). J = L + S is the total angular momentum and does 
not generate Ml transitions, gj = (g l p + g l n )/2 = 1/2 and g s = [g s p + g s n ~ (g l p + g l n )}/2 = 
0.88a q — 1/2 with the quenching factor a g defined by g s = a q g s ' ■ The free spin ^-factors 
are g p hee = 5.58 and g% = —3.82. Since g^L and g s n are of opposite sign and comparable, 
the isoscalar nondiagonal piece of an Ml matrix element is usually very small. It vanishes 
exactly for a quenching factor a q = 0.57. For a good reproduction of the measured Ml 
transition strengths (see Table |T|) and for the sake of easy interpretation we used the 
quenching factor a q = 0.57 which results in pure isovector Ml transitions. 

The isovector Ml ground state excitation strength is calculated to be concentrated in 
the if state. This agrees with the identification of the 1^ state with the scissors mode in 
the nucleus 94 Mo. This identification receives further support from the consistency |l] of 
the data on 94 Mo with the systematics of the scissors mode extrapolated from the deformed 
rare earth nuclei. However, one cannot ascribe the collective scissor mode in the near- 
spherical nucleus 94 Mo as a pure orbital mode. Our calculations show that spin and orbital 



contributions are almost equal which agrees with the results of a single j shell model [42 
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The key signature for the lowest 2+ s state, with a proton-neutron symmetry similar to 
that of the scissors mode, is a strong Ml transition to the 2f state. Therefore, it is interesting 
to look to the 2± — > 2j~ Ml strength distribution to judge the possible fragmentation of the 
2+ s state. ^From the data it follows that the 2^ — ► 2f is the strongest Ml transition 
from an excited 2 + state to the 2f state which led to the MS assignment for the 2g state. 
Comparing the calculated Ml strengths of the 2^" — ^ 2^, 2^ — >■ 2f and 2\ — > 2\ transitions 
one notes that the calculated B{M1\ 2% — > 2f) value is about five times larger than the other 
two. The dominance of the B(M1;2^ — > 2f) value agrees with the data. The calculated 
B(M1; 2% — > 2f) value is also more than four times larger than the calculated B(M1; 2§ — ► 
2~l) value, which already overestimates the data. The shell model calculation agrees with 
the observation that the 2g~ — > 2f transition concentrates the Ml strength between excited 
2 + states and the 2f state. This relatively strong isovector Ml transition agrees with the 
MS assignment for the 2% state. 

Also the experimental 3^ state decays by relatively strong Ml transitions to low-lying 
states. The calculated excitation energy of the 3^ state matches the experimental energy 
within 50 keV whereas the 3f state lies 120 keV lower and the 3% state lies 350 keV higher 
than the experimental 3+ s state. Therefore we compare the 3^~ shell model state with the 
observed 3^ state at 2965 keV. We note that the measured strong Ml transition from the 
3^ state to the 4f state is reproduced by the shell model within the experimental error bar. 
The shell model, however, underestimates the Ml strength of the 3^ — > 2\ transition by 
a factor of two, while it overestimates the 3^ — > 2f Ml transition strength by an order of 
magnitude. The shell model results for the 3^ state disagree not only somewhat with the 
data but also with the prediction of the IBM in the 0(6) dynamical symmetry limit for the 
3+ s state. However, the 3+ and 3^ states are close in energy, which renders the calculation of 
the wave functions more uncertain in the shell model, where no quantum number like the F- 
spin exists, which can assure the orthogonality of MS states to symmetric states. Moreover, 
the calculated 3^ state also shows Ml and E2 properties which are close to those of the 
experimental 3% state. We conclude that the 3+ s character is spread about the first three 
3 + states in our shell model calculation with the surface delta residual interaction and the 
88 Sr core. Thus for the 3^ state the MS assignment from the shell model results is less clear. 
We consider this fact not as an argument against the MS assignment of the experimental 
3t state of 94 Mo but as an indication of the limit of our present shell model approach for 
the description of the details (and the mixing) of wave functions for states, which lie close 
in energy. In total the Ml transition strengths calculated in the shell model support (or at 
least do not disagree with) the MS assignments for the if, 2%, and 3^ states of 94 Mo, if the 
existence of relatively strong isovector Ml transition is considered as a sufficient argument 
in favor of MS structures. 

However, it should be stressed that the strongest Ml transition found in 94 Mo nucleus |44 



connects the 4^" and 4^ states that is in agreement with the present shell model calculations. 
This transition falls out from the s<i-IBM-2 scheme and probably is related to the excitations 
of g-bosons in terms of the IBM. 

Having found support for MS assignments from the large isovector Ml transition 
strengths it is interesting to turn to the E2 transition properties. While the existence of 
large isovector Ml transitions may indicate a different proton-neutron symmetry, one can, 
in contrast, judge a similar proton- neutron symmetry for two states from the existence of 
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collective isoscalar E2 transition matrix elements between the two states. The E2 transition 
operator is the sum of proton and neutron parts: 

T(£2) = e p T p {E2) + e n T n (E2), (7) 

where e p and e n are the proton and the neutron effective quadrupole charges and T p (E2) = 
X)j(^f) 2 Y 2 (6'f , It is again convenient to decompose the E2 operator in an isoscalar part 

T IS (E2) = [T P (E2) + T n (E2)) , (8) 

and in an isovector part 

T IV (E2) = [T P (E2) - T n (E2)} . (9) 

The calculated E2 transition strengths and matrix elements are compared to experiment 
and to schematic IBM-2 estimates in Tab. fV| In the low-lying low-spin level scheme of 
94 Mo one expects from a simple quadrupole vibrator picture the existence of the collective 
isoscalar E2 transitions which are indicated in Fig. [| The transition from the 2f state to 
the 0^ ground state is a collective isoscalar E2 transition. Many components of the wave 
function of the 2f state contribute coherently to the matrix element of the E2 transition 
operator. The isoscalar part of the (2+ || E2 \\0f) matrix element is about ten times larger 
than the isovector part (see most right columns of Table [TV] ) . This is a well known general 
property of the lowest collective 2 + state. For 94 Mo the 2f state is calculated to exhaust 
97% of the total isoscalar E2 excitation strength of the ground state to the 2 + states up to 4 
MeV. The Af — > 2f and 2f — > 2f transitions are of similarly collective dominantly isoscalar 
E2 character. The strong collective isoscalar E2 transitions between the Of, 2f, 4f and 2f 
states prove the proton-neutron symmetry of these states. 

The E2 transitions from the 2f state and the 2g~ state to the ground state are much 
weaker than the 2f — > Of transition. The 2f — > Of transition has isovector character but it 
is weak. The 23" state, however, carries 10% of the total E2 excitation strength of the 2f 
state and it is the largest E2 excitation above the 2f state. This supports the one-phonon 
character of the 2% state, which is suggested from its interpretation as the one-quadrupole 
phonon 2+ s state. Indeed, the transition from the 23 state to the ground state is a mixture 
of isoscalar and isovector parts with a notable isovector component. 

The E2 matrix elements between various states with MS assignments are very interesting. 
The calculated wave functions of the 1^ state and the 3f state are dominated by basis 
states with seniority v = 4 supporting their two-phonon interpretation. The if state shows 
no collective E2 transitions to the 2f, 2f states. The 1+ — > 2f transition is in contrast a 
collective isoscalar E2 transition which is comparable in strength with the 2f — > Of collective 
E2 transition. This indicates a similar proton-neutron symmetry of the if state and the 
2^ state and justifies to consider the 1^ state a two-phonon state formed by an isoscalar 
quadrupole phonon built on top of the MS 2g state. The 23 state has a proton-neutron 
symmetry similar to the l^" state, but it is lower in energy and is of seniority v = 2 like 
the collective lowest 2f state. Also the calculated 3^ state decays by a strong collective 
isoscalar E2 transition to the 2g" state. The calculated 3^ — > 2f E2 transition strength is 
five times smaller than the 3^" — > 2f transition strength and the isovector part of the E2 
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matrix element is larger than the isoscalar part. Based on this comparison we can conclude 
that the state has qualitatively a similar proton-neutron symmetry as the 1^ state and 
the 2jj~ states. This conclusion supports the statement that the 3^ state of 94 Mo is one more 
representative of proton-neutron collective states with a "mixed-symmetry" character as it 
was argued before in Ref. 0. We note, that also the calculated 3^ — > 2% E2 transition has 
a large isoscalar part, which, however, overestimates the data. This disagreement may again 
be caused by a too large mixing of the calculated 3^ and 3^ states and is probably due to 
a too large symmetric three-phonon component in the calculated wave function of the 3^ 
state. 

Of particular interest in this article is the proton-neutron structure of those states to 
which mixed-symmetry was previously assigned from the measurements of large Ml and E2 
transition strengths In order to simplify the discussion we consider now a schematic 

model for the analysis of the wave function of the 2+ s state, which reflects the logic of the 
IBM-2. Let us assume that valence protons and neutrons couple separately to collective 
Jp = 2^ and = 2+ configurations with seniorities v — 2. In a two-level model one 
collective 2+ state is formed by symmetric linear combination of the 2+ proton and 2+ 
neutron configurations: |2+ >= (|2+ > + |2+ >)/y / 2. The orthogonal linear combination 
|2+ s >= (|2+ > — 12+ >)/y / 2 has also seniority u = 2 and is the collective "nonsymmetric" 
counterpart of the |2+ > state. Furthermore, the 2+ proton and 2+ neutron configurations 
can couple to collective J n = l + ,3 + states with seniority v = 4 and isovector character of 
decay to the 2+ state. The last three states should correspond to the lowest l + ,2 + ,3 + MS 
states in the IBM-2. The possible existence of such states in 94 Mo and in neighboring nuclei 
as a result of quadrupole surface vibrations in anti-phase and corresponding two-phonon 
excitations was discussed earlier in a geometrical approach by A. Faessler ||. 

In the realistic shell model calculation for 94 Mo presented above MS states cannot so 
easily be identified from the wave functions. Isospin symmetry and seniority conservation 
are broken due to the interaction chosen and the single particle orbitals considered. The 
ground state contains 72% components with seniority v = 0. The 2f and 2^ states contain 
70 % and 73 % components of seniority v = 2. The relatively large components with seniority 
v = 2 point at their predominantly one-quadrupole phonon nature [|3|,I|. In contrast, the 



wave function of the 2% state contains a large component of seniority v = 4 (50% of the 
wave function) in agreement with its usual two-quadrupole phonon interpretation. 

Let us now further analyze the calculated wave functions of the 2f state and the 2g~ state, 
which are considered to represent well the symmetric and the MS one-phonon 2 + states of 
the IBM-2. It is interesting that the components of the 2f 3 states with seniority v = 2, 
\2f, v = 2) and |2^~, v — 2), are approximately orthogonal. Their normalized scalar product 

(2+,z/ = 2|2+,z/ = 2) 



v = 2\2f, v = 2) x (2$, v = 2\2%, v = 2) 



-0.07 



is small. This fact is not a trivial consequence of the orthogonality of the |2g ) and \2\) eigen- 
states, because their wave functions contain noticeable components with higher seniority. 
The seniority v=2 components resemble the schematic symmetric |2+) and "nonsymmetric" 
|2+ s ) states discussed above and can be used for further analysis. For this purpose it is 
interesting to decompose the seniority v=2 components of the 2\ and 2\ states into their 
proton and neutron parts. One obtains 
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|2+,z/ = 2) = 0.61|2+,>+0.80|2+ n > (10) 

and 

|2+ i/ = 2> = 0.56|2+,)-0.82|2+J . (11) 

These decompositions cannot be directly compared to the schematic two level model men- 
tioned above, because the basis states \2f p ) are not identical. It turns out, however, that 
the normalized proton \2£ p ) basis state is rather similar to the normalized \2i p ) basis state 
with a positive overlap of (2^ p |2^ p )=0.98. However, the overlapping of the neutron compo- 
nents of the states (|10"|) and (pTTf ) is smaller. It amounts only to (2^ n |2^ n )=0.63 indicating 
considerable deviations from the pure IBM-2 picture. For a direct comparison between the 
structure of the \2f, v — 2) components it is more useful to express the components \2£ p ) in 
Eq. fllTD by a linear combination of one part which is parallel to the \2t p ) components and 
an orthogonal rest term \R) with (R\2f p ) = 0. We obtain 

1 2+ v = 2) = 7 [0.72|2+ p ) - 0.68|2+ n >] + \R) (12) 

This result can be interpreted in the following way: The dominant seniority v = 2 component 
of the 2g state contains a fraction of 7 2 = 58% of components that form the dominant 
seniority v — 2 component of the 2\ state. Moreover, this fraction is almost orthogonal to 
the seniority v — 2 component of the 2\ state, because the proton part and the neutron 
part contribute with a different sign while their amplitudes are almost equal. Based on this 
observation one can consider the |2g ) state as a good realization of the collective |2+ s ) MS 
state. 

The schematic analysis given above helps to make some more general conclusions about 
the nuclear structure properties which can lead to the appearance of the "mixed symmetry" 
states in near-spherical nuclei. At first, we remind that the amplitudes of proton and neu- 
tron parts of symmetric and nonsymmetric states have to be approximately equal. These 
proton (neutron) parts of the wave functions of the symmetric state and its nonsymmetric 
counterpart must be rather similar, too. As it follows from our calculations this condition 
can be achieved if the configurational space for valence protons (neutrons) may be restricted 
to one high-j orbital (in our case proton 1^9/2) and one of the nearest orbitals with small 
single particle j quantum number (in our case proton 2pi/ 2 ). An ideal case is a single high-j 
orbital. Otherwise, if there are few neighboring neutron (proton) orbitals with the j value 
comparable to the single particle angular momentum of the selected leading neutron (proton) 
orbital and if the influence of these orbitals cannot be neglected, then the neutron (proton) 
parts of the symmetric and nonsymetric states can be rather different. We can observe it 
already in our case for the neutron parts of the 2f state and the 23" state: the overlapping 
(2^ n |2^ n ) is only 0.63. Therefore it can be expected that with the increase of the number of 
valence neutrons in the considered configurational space the neutron parts will be stronger 
fragmented and the neutron overlapping can be significantly reduced destroying the picture. 
On the contrary the increase of the number of valence protons in 1*79/2 orbital will keep 
the proton parts similar and the "mixed symmetry" 2 + state will probably survive. We 
hope that the above observations will be useful for the search for further mixed-symmetry 
phenomena in the neighboring nuclei. 
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We stress, however, that for the quantitative analysis of the relative proton-neutron 
symmetry of wave functions it can be more useful to analyze size and isotensor character 
of electromagnetic transition matrix elements between the calculated states, as was shown 
above, because of the presence of non-collective states in the shell model configurational 
space. Considering the radical truncation of the shell model problem which led to the 
formulation of the IBM it is remarkable how far the IBM and the shell model agree on the 
properties of mixed-symmetry states of 94 Mo. 

IV. CONCLUSIONS 

To summarize, we have performed shell model calculations for the near-spherical nucleus 
94 Mo using the Surface Delta Interaction as the residual interaction. We calculated excitation 
energies of the low-spin positive-parity states and Ml and E2 transition strengths between 
them. In most cases the calculations agree well with the data. Calculated wave functions, 
Ml, and E2 matrix elements support the previous mixed-symmetry assignments for the 
li state, the 2g state, and the 32 state of 94 Mo. In particular, we find collective isoscalar 
E2 transitions between these three states and strong isovector Ml transitions to low-lying 
symmetric states. The strongest Ml transition is found between the 4^ state and the 4+ 
state. This transition is outside of the scope of the sd-IBM-2 approach. These findings 
indicate the common proton-neutron symmetry of the 1^", 23", 3^ states showing that they 
form a class of states that differ to the lowest-lying ones by their proton-neutron structure. 
The analysis of the wave functions indicates in which neighboring nuclei these states can be 
most probably found. 
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FIG. 1. Calculated and experimental positive parity J w = + -4 + states below 3 MeV in 90 Sr, 
90 Zr, and 92 Zr. 
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FIG. 2. Comparison of calculated and experimental spectra of the J w = + -4 + states in 94 Mo. 
The states with MS assignments are plotted with dashed lines. 



13 




1 



+ 

sc 



ms 



FIG. 3. Sketch of the quadrupole vibrator scheme for low-spin states of 94 Mo. The arrows 
indicate transitions which are expected from this scheme to be collective E2 transitions with large 
isoscalar parts of the matrix elements. The five corresponding values for the isoscalar E2 matrix 



elements which were calculated in the shell model are underlined in Table IV. 
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TABLES 



TABLE I. Parameters used for the shell model calculation of 94 Mo: proton and neutron single 
particle energies for the orbitals included in the configurational space and the interaction parame- 
ters of the Surface Delta Interaction as defined in Ref. [36|. 



Parameter 


99/2 


Pl/2 


n 

%/2 


*l/2 


e n 

97/2 


n 
e d z/ 2 


n 

fell/2 


\PP 
A T=1 


A nn 




A T=0 


Value [MeV] 


0.0 


-0.8 


0.0 


1.4 


2.0 


2.2 


2.4 


0.31 


0.24 


0.27 


0.50 



TABLE II. Calculated structure of some low-lying eigenstates of the considered shell model 
Hamiltonian. The contributions of some low-seniority basis states, which represent for some 
low-lying states the main components of the wave functions, are shown. 



Component contributions to wave functions 



Component 



State, J; 





of 


0+ 


It 


1 2 + 


2t 


2+ 

z 2 


2+ 


3f 


3+ 

6 2 


4 


4 


^9/2)0 X "( d l/2)j 


34 


20 






17 


3 


37 






20 


23 


7r (Pl/2S9/2)o X K d 5 /2 )j 


17 


21 






8 





11 






10 


12 


ir(gl /2 )j x v(d 2 5/2 ) 


_a 


_a 






12 


23 


7 






13 


21 


APiJ 2 9t/ 2 )j x ^(^5/2)0 


_a 


_a 






6 


1 


7 






6 


4 


<9l/ 2 h x 1^/2)2 


4 


4 


25 


1 


1 


11 


1 


1 


21 


5 


1 


n(Py 2 9i/2h x ^(^5/2)2 


2 


6 


8 








5 


1 





3 


2 





^(59/2)4 x v{dl /2 )i 


1 


1 


17 








1 








3 





1 


7r (ff9/ 2 )o x v{d b / 2 dz /2 ).j 






14 


2 

















3 





^(59/2)0 x v{d b/2 g 7/2 )j 






3 


52 

















1 





7r(5g/ 2 )o x v{d b / 2 s 1/2 )j 










7 


8 





26 


6 








n (Pl/29 9/2)0 x v(d 5/2 s 1/2 )j 










4 


5 


2 


12 


3 








Components of seniority v = 
Components of seniority v = 2 


71 


59 


21 


54 


71 


50 


73 


40 


11 


65 


71 



^see two lines above 
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TABLE III. Experimental and calculated Ml transition rates between low-lying states 
of 94 Mo. The B(M1) values are given in units of [i 2 N . Quenched spin g-factors gi = 0.57<7p' free 
were used in the shell model. Hence, all Ml transition strengths shown here are generated by the 
isovector part of the Ml transition operator. Schematic i?(Ml) values calculated previously Q§| 
in the 0(6) dynamical symmetry limit of the IBM-2 are given in the last column. 



Ji- 




B(Ml;Ji - J/) (/4) 




Experimental 


Shell Model 


IBM-2 






0.16(1) 


0.26 


0.16 


1 2 + - 

lf- 


-4 2+ 


0.046(18) 
0.007±| 


0.008 
0.002 






lf- 


2+ 
-> z 2 


0.43(5) 


0.46 


0.36 


lt- 


-> 2+ 


<0.05 


0.08 





2+- 


.2+ 


0.06(2) 


0.094 







.2+ 


0.48(6) 


0.51 


0.3 


2+ - 


.2+ 


0.07(2) 


0.01 





2+ - 
3+- 

3+- 


.2+ 
.2+ 


0.03(1) 

mo +0 - 012 
u.uiu_ 006 


0.14 
0.10 
0.058 





0.13 


3+ - 


-4 2+ 
-> z 2 


24+ - 14 


0.09 


0.18 


3J- 
4" 


.2+ 


u - uy -0.03 

0.8(2) b 


0.001 
1.79 






a The E2/M1 multipole mixing ratio 5 for the 3^ — ► 2g~ transition was not measured unambiguously. 
For comparison to the SM results we use the smaller value 5=0.34(25) @ 
b see Ref. M 
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TABLE IV. Experimental JT|,^] and calculated E2 transition rates between some low-lying 
states of Mo. The shell model effective neutron and proton charges e n = l.Oe and e p = 2.32e 
were used. The harmonic oscillator length is b=A 1 / 6 . The schematic IBM-2 estimates are 
given in the fourth column. In columns five and six the total shell model E2 matrix elements 
are decomposed into their isoscalar and isovector parts according to Eqs. (|||9|). The underlined 
values for isoscalar matrix elements represent cases for which collective isoscalar E2 transitions are 
expected from a vibrator model or from the 7-soft dynamical symmetry limits of the IBM. 



Ji- 




B(E2;Ji 


- J/),[e 2 fm 4 ] 




< Ji\\T p (E2)\\Jf 


>,[efnr] 




Experimental 


Shell Model 


IBM-2 


(Tjs) 


(Tiv) 


2f " 




406(16) 


420 


467 


50.3 


-4.6 


z 2 


-of 


6(2) 


11 





-0.2 


7.6 


2+ - 


-of 


46(6) 


42 


30 


-6.6 


-7.8 


2+ - 


-of 


5(1) 


7.3 





2.0 


4.1 


n~ 


-of 


17(2) 


8.4 





6.0 


0.5 


4- 


-2f 


670(100) 


444 


592 


-69.7 


6.6 


2+ - 

z 2 


-2f 


720(260) 


482 


592 


49.1 





n- 


-2f 


<150 


0.03 





4.3 


-4.0 


it- 


-2f 


30(10) 


13 


49 


1.5 


4.8 


it- 


-> 2+ 
- z 2 




1.4 





-3.7 


1.7 


it- 


- z 3 


<690 


228 


556 


25.7 


0.5 


°2 


-2f 


10jf 


43.2 


48.3 


5.3 


12.0 


3+ - 
6 2 


-4f 


< 17.8 


23 





-12.8 


0.1 


3+ - 


•4 2+ 

- z 2 


<101.6 


170.2 





-39.3 


4.8 


3+ - 
6 2 


•4 2+ 


nc/i+305 a 
zoqi -203 


198.2 


582 


42.5 


-5.3 



a see footnote "a" of Table III 
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